An experimental investigation on the formation and breakup of a hollow jet issuing from a coaxial nozzle into ambient air has been carried out. The hollow jet consists of an outer jet of water that encloses an inner jet of argon gas. By varying the flow rate ratio of the inner jet to the outer jet, three different breakup patterns of hollow water jets are identified using two types of nozzles: (I) mixed hollow and simple drop formation, (II) single-core hollow drop formation, and (III) multi-core hollow drop formation. These patterns are mapped in a space of Weber number versus flow rate ratio, We -Q. Experimental results in pattern (II) show that increasing the flow rate ratio results in increasing the formation frequency, slightly increasing outer diameters of the hollow drops, and decreasing their wall thickness.
Introduction
Compound liquid jets are found in a large variety of application areas such as encapsulations (1, 2) , ink-jet printing (3, 4) , and fiber spinning (5) . In these applications, the compound jets consisting of a core fluid surrounded by a coaxial layer of a shell liquid are generally formed by forcing fluids through a coaxial nozzle. Other approaches to form compound jets and drops are based on the use of focusing devices (6, 7) , and electric forces (8, 9) for micro/nano encapsulations and nanofibers. A hollow jet is one type of the compound jet as the core fluid is gas. Such compound (hollow) jets are inherently unstable and eventually decompose into compound (hollow) drops due to the Reyleigh instability (10) .
The spatial and temporal instability of a viscous compound jet was studied by Chauhan et al. (11) in which the compound jet was initially stationary, and perturbed by an axisymmetric disturbance. The instability and breakup of a moving viscous compound jet was investigated by Shen and Li (12) , and Chen and Lin (13) . Numerical calculations can be found elsewhere (14) (15) (16) .
Along with the theoretical and numerical studies, there are a great number of experimental investigations on compound liquid jets. Hertz and Hermanrud (4) studied experimentally the dynamics of compound jets, and demonstrated the production of compound drops from breakup of the compound jet. Utada et al. (17) used microfluidic devices to generate double emulsions that contained a single inner drop or many inner drops from coaxial jets. They found that generating a double emulsion with a single inner drop requires both coaxial jets to be simultaneously dripping or simultaneously jetting. Chiu and Lin (18) classified the final breakup patterns of their compound jets of water-in-diesel-in-air into six groups based upon the wave length and the mass ratio. The jets were under periodic excitation. However, it is difficult to observe the formation and detachment of the inner drops in their experiments. In contrast to the large number of experiments on compound liquid jets, only limited studies focused on hollow jet breakup patterns. Kendall (19) studied how a hollow jet of water surrounding a flow of gas at its core decomposes into hollow drops of uniform thickness in ambient air. Most of the reported results were obtained using one coaxial nozzle. He further studied the effects of the flow rate ratio of the core gas to the shell fluid, and of hollow jet fluid properties on the hollow drop formation, as well as oscillations of the resulting drops. He reported that his case is profoundly different from those in the Rayleigh instability (10) in the amplification rate of the axisymmetric deformation and the uniformity in size of drops. We, however, find that, as discussed later, in some cases satellite drops are also formed from hollow jets. Li and Shen (20) experimentally found three flow regimes for the breakup process of an annular water jet exposed to an inner air stream: bubble (hollow drop) formation, annular jet formation, and atomization. Within the hollow drop formation, they showed that both the jet breakup length and the wavelength decreased as the air-to-water velocity ratio increased. However, we find a different result related to the breakup length, as discussed later.
Motivated by scientific interest in the fluid dynamics of a hollow jet, its encapsulation applications (1, 2) , and a lack of detailed studies of the hollow jet breakup pattern, in the present study, we use a technique similar to that described in Ref. (2) to identify various final breakup patterns of a hollow jet. The final breakup patterns play an important role because they affect the production yield. We form hollow jets that consist of an outer jet of water surrounding an inner (core) jet of argon gas, using two types of coaxial nozzles, as shown in Fig. 1 (a) . We pay attention to the regime of bubble formation (20) , and investigate how the formation frequency, breakup length and drop size are affected by the gas-to-water flow rate ratio. We do experiments in air at room temperature (about 22-25 0 C). 
Experimentation

Experimental materials and nozzles
We carry out experiments by employing water and argon as working materials, and two types of coaxial nozzles. The hollow jet with an inner jet of argon is formed in ambient air at rest and at room temperature. To clearly observe the formation as well as the hollowness of jets and drops, we seed water with hollow glass particles with a diameter on the order of 10 µm. The content of glass particles is about 1.5 g of glass/ 1 kg of water. When these particles are within a laser sheet they scatter laser light. Since glass particles are chemically neutral, surface tension and viscosity of water are essentially unchanged. Table 1 gives the properties of materials used in the present study. In order to investigate the effects of nozzle on the breakup patterns of hollow water jets, we use two types of coaxial nozzles. The cross-section of the coaxial nozzle is illustrated in Fig. 1 Table 1 .
Apparatus description
The apparatus for the experiments on the formation and breakup of a hollow water jet is depicted in Fig. 1 (c) . It consists of a gas control system, a coaxial nozzle mounted to a container, and an illumination system with a high speed camera (Photron FASTCAM 1024PCI) which is run at 6000 frames per second with a shutter speed of 1/6000 s for a resolution of 128 × 1024 pixels. Accordingly, the resolution of the digital images is in the range of 18 -21 pixels per one mm. The typical outer size of hollow drops is about 3 mm and the outer jet length is greater than 6 mm, as discussed below. Therefore, they can be measured with an error less than 5%.
The most important part of the apparatus is the coaxial nozzle that consists of an inner nozzle inserted into the center of an outer nozzle, as shown in Fig. 1 (b) . The gas control system is used to control the flow rate of argon gas directed to the inner nozzle of the coaxial nozzle. The water flow rate is controlled by pressurizing the container with argon gas from the gas system. The illumination system consists of an argon laser with a wavelength in the range of 333 − 529 nm, which emits a laser beam with a diameter of 1 − 2 mm. A cylindrical lens expands the laser beam into a plane of about 1 − 2 mm in thickness that is narrowed by a slit of about 0.3 mm in width. The slit is placed close to the region of the drop formation (about 5 cm away from the center line of the drop train). The sheet of laser light cuts vertically hollow drops of water at their center. The camera views perpendicular to the laser sheet. The slit plays a very important role to give a clear observation of the hollowness of the jet as well as of hollow drops, as shown in Fig. 2 . Without the slit almost all portions of the hollow jet and drops, which are illuminated, fall in the laser plane. Therefore the hollowness could not be identified, as shown in Fig. 2 (a) . However, we can observe the hollowness by using the slit to narrow the laser plane to a sheet of less than 0.5 mm in thickness, as shown in Fig. 2 (b) .
Experimental parameters
The formation and breakup of a hollow jet is affected by a large number of parameters such as the properties of hollow jet fluids, flow rates, and the nozzle size. Accordingly, a large number of dimensionless parameters (13) characterize the fluid dynamics of the hollow jet. Here, we consider a few parameters as follows Weber numbers 2 
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Here, the subscripts 1, 2 and 3 of density ρ, viscosity µ and velocity U indicate argon, water and air, respectively. U 1 and U 2 are the average argon gas and water velocities at the nozzle exit, respectively. g is the gravity, g = 9.8 m.s -2 .
The choice of the nondimensional parameters follows Kendall (19) and Chen and Lin (13) .
Since we use water and argon for all experimental runs, the density and viscosity ratios are unchanged, i.e. ρ 1 /ρ 2 = 0.00321, ρ 3 /ρ 2 = 0.00129, µ 1 /µ 2 = 0.023. Other parameters are given in Table 2 . The ranges of We, Q, Re and Fr correspond to the bubble formation regime (20) .
Because of our purpose of identifying different final breakup patterns of the hollow water jet and of the great importance of capillary effects on the process, the two most important parameters are We and Q. However, Re and Fr are also addressed to justify our observations.
Results and discussion
In the present study, we investigate the formation and final breakup of a hollow water jet by videographic and photographic techniques. We focus on the regime of bubble formation in which various final breakup patterns of the hollow water jets are identified. large half-filled symbols represent We and Q for these three patterns observed in Kendall's work (19) (Re in
Ref. (19) is higher than the current data). Orange lines roughly separate different patterns. 
Breakup patterns of a hollow jet
We employ two types of coaxial nozzles with diameter ratios D = 1.5 and 1.625 (Tables  1 and 2 ). For each nozzle type, we observe the formation and final breakup of the hollow jet at four Weber numbers, We, and various gas-to-water flow rate ratios, Q. Following the observations, we group the final breakup of the hollow water jets into three patterns in a We -Q parameter space: (I) mixed hollow and simple drop formation, (II) single-core hollow drop formation, and (III) multi-core hollow drop formation, as shown in Fig. 3 . Figure 4 shows typical examples illustrating three patterns of the final breakup.
Although Kendall (19) did not classify his hollow jets into different patterns, we can identify three patterns described herein in Fig. 7 in Ref. (19) . Based on the physical parameters for his cases in Fig. 7 , the important dimensionless parameters of those cases for comparison with our work are We = 12.38 and Q = 0.57 (left photograph, )). We map these points in our We -Q parameter space, as shown in Fig. 3 . Figure 3 shows that our work agrees well with Kendall's work (19) .
Mixed hollow and simple drop formation -pattern (I)
According to Fig. 3 , pattern (I) occurs at all Weber numbers and low flow rate ratios. Under these conditions, the inner jet of gas breaks up closer to the nozzle than the water outer jet does, but at relatively long temporal intervals. Thus inner gas bubbles detaching from the gas jet travel downstream in the jet of water. At a relatively low flow rate ratio, simple water drops are formed in a fashion similar to a water drop detaching from a single water jet, as shown in Fig. 4 (a) . When the flow rate ratio increases, a ligament of water is formed between two main hollow drops, as shown in Fig. 5 (a) . The ligament breaks first at its downstream end that connects the leading hollow drop, and then at its upper end that connects the trailing drop. This ligament generates simple water drops during retraction process made by surface tension (21) . Here hollow satellite drops are also observed ( Fig. 5 (b)). length, detachment of a drop, with a build up in length to form the next drop. This results in a sawtooth pattern (22) . However, as shown in Fig. 6 , the jet length is not periodic, but rather chaotic due to the formation of simple water drops. Figure 6 also makes plain that the simple drop formation results in non-uniformity in the size of hollow drops. Therefore, for encapsulation applications (1, 2) we must avoid producing hollow drops in pattern (I). Figure   3 makes plain that we can suppress pattern (I) by increasing the gas-to-water flow rate ratio. It is more evident by considering Fig. 7 . At a low flow rate ratio ( Fig. 7 (a) ), the wavelength is rather long, and a long ligament yields large simple water drops. Increasing the flow rate ratio results in decreasing the wavelength (20) , and in shortening the ligament. Thus the size of simple drop formed from the ligament decreases. The simple drop merges backward with the adjacent main hollow drop in about four wavelengths, as shown in Fig. 7 (b) . When we continuously increase Q, it merges backward in about two wavelengths (Fig. 7 (c) ). As a result, at a higher Q, the hollow jet breaks up in pattern (II) in which there are not simple water drops (Fig. 7 (d) ). Thus it is evident that the formation of pattern (I) is basically due to the insufficient flow rate of the inner gas jet. The simple water drops in Figs.7 (b) and (c) are considered as simple satellite drops. However if the flow rate ratio is too high, the breakup of the hollow jet will be in pattern (III). Figure 3 further shows that pattern (I) widens as We increases because increasing We promotes the jetting modes (23) in which irregularity in the drop formation is dominant (17) .
Multi-core hollow drop formation -pattern (III)
Pattern (III), multi-core hollow drop formation, occurs at high flow rate ratios, as shown in Fig. 3 . Two or more gas cores accumulate in a large water shell, as shown in Fig. 4 (c). The inner gas jet produces gas bubbles at sufficiently short temporal intervals (19) .
Therefore, they remain interconnected until the outer jet breaks up into a large drop which encapsulates a few gas cores because of surface tension. The multi-core hollow drop can contain two or three gas cores (Fig. 4 (c) ). Even a drop enclosing up to six gas cores can be formed, as shown in Fig. 8 (a) . However, it is difficult to produce a large number of gas cores in a large water shell since the annular space δ is thin (D = 1.5 and 1.625). In contrast, a compound drop that contain many inner drops can easily be generated by forming a compound jet of very viscous liquids (17) since it is easier to encapsulate and control the breakup of a jet of more viscous fluids (13) . Similarly to pattern (I), the formation of multi-core hollow drops is very irregular. In addition to non-uniformity in size, we observe that some multi-core hollow drops burst because in comparison with single-core hollow drops, they contain a larger volume of gas, and thus experience a larger aerodynamic drag force as they fall in air whereas their wall is relatively thin. Furthermore, pattern (III) is close to the regime of annular jet formation (20) in which the wavy jet surface and segmented thin liquid columns are dominant. It is observed that the gas cores can merge to form a large single-core hollow drop further downstream. However, this merging can sometimes destroy the multi-core hollow drop. For encapsulation applications in which uniform-sized hollow drops are desired, pattern (III) must be avoided.
Single-core hollow drop formation -pattern (II)
Since, as mentioned previously, we have interest in encapsulation applications (1, 2) , we will focus much more on pattern (II). As shown in Fig. 3 , the formation of single-core hollow drops can be found at Q in the range of 0.39 -4.55. When We increases, pattern (II) narrows. In this pattern, we further investigate how the flow rate ratio Q affects the size and wall thickness of hollow water drops, and the formation frequency. However, the effects of the flow rate ratio on the breakup lengths of both inner and outer jets extend to patterns (I) and (III). Utada et al. (17) reported that double emulsions (compound drops) enclosing one inner drop can be generated when both inner and outer jets are simultaneously dripping or simultaneously jetting. Dripping is characterized by drops detaching close to the nozzle exit, within one or two nozzle diameters d 3 . In contrast, jetting produces drops far from the nozzle exit with a breakup length of more than three times the nozzle diameter d 3 . In the present study, we find that single-core hollow drops can be produced when the inner jet of gas is dripping and the outer jet of water is either dripping (Fig. 4 (b) ) or jetting (Fig. 9 ). Figure 9 shows the breakup process in one cycle. We can see here that the formation of the gas core is similar to that found in Kendall's work (19) (see Fig. 3 in Ref. (19)), in which he described in detail how the gas core was produced. The velocity ratio of gas to water for the case in Fig. 9 is 4 .03 whereas that in Kendall's case is three. Similarly to the results found in Ref. (19) , Fig. 9 further shows that the formation of hollow drops in pattern (II) is highly periodic. The periodicity is shown more evidently in Fig. 10 which shows the sawtooth patterns of the outer jet length varying with time. This formation (pattern (II)) is totally different from those seen in Figs. 6 (pattern (I)) and 8 (b) (pattern (III)) where chaos is dominant. Figure 10 also makes plain that uniform-sized hollow drops can be generated in pattern (II) (Fig. 9 ) without introduction of external periodic excitation. This pattern makes the hollow jet profoundly different from a single jet with regard to the uniformity in size of drops (19) since it is difficult to produce uniform-sized drops from a single jet in a jetting mode without external excitation. For compound jets under the external periodic perturbations, Chiu and Lin (18) found a range of uniform-sized compound drops for each core-to-shell mass ratio in terms of a ratio of disturbance wave length to undisturbed diameter of the compound jet. In stead, we find a spectrum of uniform-sized hollow drops in the We -Q space using two types of nozzle: D = 1.5 and D = 1.625, as shown in Fig. 3 . However, a profound difference from those found in previous studies is that single-core hollow drops can be formed by either merging of two gas cores (bubble) or reunion of the gas jet with a just formed gas bubble before the breakup of the outer jet, as shown in Fig.  11 . At the beginning of the sequence, as seen from Fig. 11 (a) , a hollow drop with one gas core has just detached from the jet in which the first gas bubble has been formed. A second gas bubble is growing from the gas jet because of continuous feeding of gas at the inner nozzle exit. As time advances, the gas jet elongates, and tends to merge with the first gas bubble (Fig. 11. (b) ). Merging and breakup then occur to form an elongated bubble (Fig. 11 (c) ). The unbalanced force of surface tension makes this elongated bubble spherical ( Fig. 11 (d) ). As a result, a newly single-core hollow drop is about to be formed (Fig. 11 (e) ). A notable feature of this process is the formation of a vertical water jet inside the gas bubble after merging, as shown in Fig. 11 (d) . This phenomenon is similar to the formation of a water jet in busting of gas bubbles at a free water surface (24) .
It appears that the merging of gas bubbles and the formation of the water jet in the newly formed gas bubble has not been reported in the literature. Because of merging, the single-core hollow drops formed in this way are larger than those discussed previously, and experience a large deformation after breakup (Fig. 11) . However, they reach a spherical shape downstream due to surface tension. As shown in Fig. 11 , a tinny water satellite drop is formed between the hollow drop and the hollow jet. Because of this irregular formation, we classify it into pattern (II + ). Pattern (II + ) occurs at We = 5.94, Q = 3.57 -4.55, D = 1.5, as shown in Fig. 3 . However, this pattern does not occur in the range of We investigated for the nozzle type II (D = 1.625). It would occur at a lower We. However, we have not investigated at such a We because the formation of pattern (II   +   ) is not the main purpose of our present study. Furthermore, it is observed that pattern (II + ) is sensitive to the coaxiality of the coaxial nozzle. Here we just mention it as a newly observed feature in the fluid dynamics of a hollow jet. Therefore, we group it into a general pattern, pattern (II), since the final breakup of the hollow jet in pattern (II + ) is also the formation of a single-core hollow drop, as shown in Fig. 11 . However, in order to distinguish pattern (II   +   ) among others, we mark it with (II + ) in some figures. The formation of pattern (II + ) affects considerably the formation frequency and size of hollow drops, as discussed below.
Next, we consider the effects of the flow rate ratio Q on the size and shell thickness of hollow drops, and the formation frequency f in the single-core hollow drop formation, pattern (II). It is reported that the gravity is unimportant to the hollow drop formation (19) .
Therefore, in the following, we do not address the Froude number. Figure 12 shows the Q dependence of the formation frequency f in pattern (II). According to the figure, as Q increases, the frequency increases. This trend agrees with that found by Kendall (19) . Moreover, Kendall (19) reported that the formation frequency varies Figure 12 confirms the law. Additionally, as seen from Fig. 12 , at We = 8.5, Re = 391, D = 1.5 (type I), the frequency ranges from 183 to 258 Hz. According to the law (19) , the frequency for the nozzle type II at nearly equal Reynolds and Weber numbers (We = 8.42, Re = 389, D = 1.625) would be 230 -320 Hz while it is 280 -430 Hz (Fig. 12) . Evidently, we find good agreement with the law. Figure  12 also makes plain that increasing We and Re results in increasing the frequency. As mentioned previously, the formation frequency of hollow drops in pattern (II + ) appeared at We = 8.5, Re = 327 and D = 1.5 is affected by merging of gas bubbles (Fig. 11) , and thus lower than that in pattern (II), as seen in Fig. 12 .
Next, concerning the outer diameter of the hollow drop, it is reported to be approximately twice the internal diameter d 3 of the outer nozzle (1, 19) . In our experiments, the average outer diameter d o is from 1.9 -2.5 times d 3 , as shown in Fig. 13 (a) . The measured diameters in Fig. 13 (a) are average values. Typically twenty to thirty hollow drops are taken for measurements. For each drop, we first track the outer interface of the drop, and then calculate an equivalent outer diameter. As mentioned previously, the hollow drops in pattern (II + ) are larger due to the merging of gas bubbles before pinch-off of the outer (water) jet (Fig. 11) . Accordingly, the outer diameter of these drops is about 3.2 d 3 ( Fig. 13 (a) ). Figure 13 (a) further indicates that an increase in Q leads to a slight increase in the outer diameter of the hollow drop.
Although the use of the laser system provides clear observations of the formation and breakup of water jets as well as their hollowness, the photography fails to bring out details of the shell wall thickness. Alternatively, using the average outer diameters d o of the drops, the formation frequency f, the size of the coaxial nozzle d 2 and d 3 , the gas and water flow rates, and the mass conservation, the inner diameter d i of the hollow drop can be calculated: Figure 13 (b) shows the variation with Q of the wall thickness of the hollow drop. The figure confirms that an increase in Q results in a decrease in the wall thickness (19) .
Combining data in Figs. 4 and 6 in Ref. (19), we find that when the flow rate ratio increases from 1.08 to 2.82, the shell wall thickness nondimensionalized by the annular space δ of the coaxial nozzle decreases from 0.9 to 0.5 in Kendall's work (19) . In our investigation, the wall thickness varies from 0.5 to 1.5 times δ as Q varies in the range of 0.52 -4.55, as shown in Fig. 13 (b) .
In the following, we investigate the effect of Q on the hollow jet breakup lengths. As mentioned previously, the formation frequency, the diameter and the shell wall thickness are measured and calculated in pattern (II). However, the breakup lengths are measured for all patterns in order to give the detailed effects of the flow rate ratio in the bubble formation regime. Using the present technique, as described in the previous section, we can easily measure the breakup lengths of both inner (gas) and outer (water) jets. The breakup length of the outer jet ( Fig. 9 (a) ) used in the following is defined as the outer jet length (Fig. 5 (b) ) at the instant just after hollow drop detachment. Similarly, the breakup length of the inner jet is the length of the inner jet (measured from the nozzle exit) at the instant just after gas core pinch-off. In addition, the breakup lengths of the inner and outer jets are average values by using typically from five to ten photographs for the measurements since the evolution in time of the jet in patterns (I) and (III) is chaotic, as shown in Figs. 6 and 8 (b) . Figure 14 shows the effect of Q on the breakup lengths of the hollow jet for two nozzle types. As shown in Fig. 14 (a) , the breakup length of the inner jet decreases as Q increases. In contrast, the breakup length of the outer jet behaves complexly towards an increase in Q (Fig. 14 (b) ). Generally, it first decreases as Q increases from pattern (I) to pattern (II), and reaches a minimal in pattern (II). When Q continuously increases, it then increases with Q from pattern (II) to (III). Although Kendall (19) did not investigate in detail the effect of Q on the breakup lengths, we can see a similar trend by considering his photographs (see Fig. 7 in Ref. (19) ). This variation can be seen more obviously in Fig. 15 . However, the variation of the outer jet breakup length with Q in the present study and that seen from Kendall's photographs are different from that found by Li and Shen (20) . Li and Shen (20) stated that in the bubble formation regime, the jet breakup length decreases as the air-to-water velocity ratio increases. The difference between our results and those found by Li and Shen (20) may be caused by the fact that their results were obtained from conditions at which the inner and outer jets broke up almost simultaneously (see Fig. 3 in Ref. (20)). In addition, they conducted experiments for four water velocities at each of which two to four gas velocities were carried out. Therefore, their results may not cover pattern (I) and (III). Moreover, because of the simultaneous breakup, the variation of the outer jet breakup length with respect to the velocity ratio followed that of the gas jet. It explains why their results agreed fairly with linear analysis (20) . In the present study, we find a similar trend for the inner gas jet ( Fig. 14 (a) ). However, our results that cover three patterns go far beyond the linear theory (12, 13) . Figure 14 also makes plain that the breakup lengths increase as We and Re increase. Increase in the breakup length due to an increase in We agrees with the prediction of linear theory (13) . The increase of the outer jet breakup length with Re is understandable because increasing Re corresponds to increasing the inertia that carries the outer jet downstream. Because we increase Re by increasing the water velocity, the water viscous drag that pulls the growing bubble of the inner gas jet is also increased. Therefore, the breakup length of the inner jet increases with Re. However, this effect is not evident since water viscosity is low. In addition to showing the variation of the outer jet breakup length with Q, Fig 
Conclusions
We have experimentally studied the formation and breakup of a hollow water jet using two nozzle types with diameter ratios D = 1.5 and D = 1.625. Following our observations, three final breakup patterns of hollow jets are identified in the Weber number versus flow rate ratio parameter space, We -Q: (I) mixed hollow and simple drop formation, (II) single-core hollow drop formation and (III) multi-core hollow drop formation. The formation of pattern (I) is basically due to the insufficient flow rate of the inner gas jet whereas too high gas flow rates produce pattern (III). In patterns (I) and (III), drops are produced with non-uniformity in size because of irregularity in the formation of simple water drops (pattern (I)) and the number of gas cores enclosed in a large water shell (pattern (III)). In contrast, pattern (II) produces uniform-sized hollow drops that enclose only one gas core. The results obtained in pattern (II) further show that increasing Q results in increasing the formation frequency and the hollow drop outer diameter, and in decreasing the shell wall thickness. Additionally, the measured breakup lengths in all patterns make plain that the outer jet breakup length varies complexly with Q whereas the breakup length of the inner gas jet decreases with an increase in Q.
Moreover, we find a new feature observed in the formation and breakup of a hollow jet in pattern (II). This phenomenon relates to the merging of gas bubbles or the reunion of the inner gas jet with a just formed gas bubble within the outer jet of water. It is followed by the breakup of the outer jet into a single-core hollow drop. This formation affects considerably the formation frequency and outer diameter of the hollow drops. However, we have not studied it in detail in the present work. Therefore, in future work, we will focus on this phenomenon to find the ranges of We, Re, and Q at which it will occur, and how it is affected by the nozzle geometry as well as the hollow jet fluid properties.
